Invariant CD1d restricted natural killer T (iNKT) cells are a regulatory cells that express a canonical TCR-Vα-chain (Vα24.Jα18 in humans and Vα14.Jα18 in mice) which recognizes glycolipid antigens presented by the monomorphic CD1d molecule. They can secrete of a wide variety of both pro-inflammatory and anti-inflammatory cytokines very swiftly upon their activation. And in pre-clinical models they have the capacity to enhance host immunity to microorganisms and cancers as well as to prevent autoimmunity. Direct evidence suggesting the significance of iNKT cells in human cancer has been ambiguous. The (pre)-clinical findings reviewed here, provide further evidence for a distinct contribution of iNKT cells to natural anti-tumor immune responses in humans. Furthermore, clinical phase 1 studies that are discussed here have revealed that the infusion of cancer patients with soluble TCR ligand for iNKT cells, with ligand loaded dendritic cells, or with cultured iNKT cells is well tolerated. We thus underscore the potential of iNKT cell based immunotherapy in conjunction with established modalities such as surgery and radiotherapy, as an immunotherapeutic adjuvant therapy against carcinomas.
Introduction
The complex relationship between the immune system and human cancer has been thoroughly investigated for decades. An effective anti-tumor immune response appears to be important to eradicate malignant cells from the body. This is illustrated by the observations in immunocompromised patients, who have a higher incidence of tumors (reviewed in [1] ). The microenvironment of progressing tumors that have evaded eradication by effector cells is similar to sites of chronic inflammation. This microenvironment is characterized by angiogenic and tumor growth factors which promote tumor growth and the induction of immunosuppressive cells (reviewed in [2] [3] [4] ). An immune response mediated by effector cells without the development of a state of chronic inflammation is vital for a successful anti-tumor immune response. Here we provide evidence that a relatively recently discovered T-cell subset with immune controlling capacity holds promise in this respect. Invariant CD1d restricted natural killer T (iNKT) cells can express NK receptors and express a canonical TCR-Vα-chain (Vα24.Jα18 in humans, preferentially paired with Vβ11; Vα14.Jα18 in mice, paired with Vβ2, Vβ7 or Vβ8.2) recognizing glycolipid antigens presented by the monomorphic CD1d molecule [5;6] . The glycolipid α-galactosylceramide (αGalCer) originally isolated from the marine sponge Agelas mauritianus is a strong synthetic ligand for iNKT cells, which induces iNKT cell proliferation and activation. More importantly, iNKT cells can readily secrete high levels of a broad range of both pro-(Th1) and anti-(Th2) inflammatory cytokines upon activation [5;7] . Glycolipids derived from microbial pathogens and a (currently disputed [8;9] ) endogenous ligand, the lysosomal glycosphingolipid isoglobotrihexosylceramide (iGb3), can also trigger iNKT cell activation in vitro. [10] [11] [12] [13] [14] . The swift and wide-ranging in vitro cytokine release reveals the main function of iNKT cells, namely the capacity to enhance immune responses against microorganisms and cancer as well as to prevent autoimmunity by acting on down-stream immune cells (Reviewed in [15] ). Human and mouse iNKT cells can either be CD4 + or CD4 -CD8 -(double negative (DN)) and in humans a small proportion can express CD8. Direct ex vivo analyses suggested that CD4+ iNKT cells produce both Th1 cytokines (e.g GM-CSF, IFNγ and TNF-α) and Th2 cytokines (e.g. IL-4 and IL-13), whereas the DN and CD8+ iNKT cell subsets primarily produce Th1 cytokines [16] [17] [18] [19] . These differences in iNKT cell subsets are the most likely explanation for their dichotomous regulatory nature. Lin . The different methods used for the expansion of iNKT cells, the use of the type 1 skewing cytokine IL-15 [22] in particular, which was used in the latter study, may explain these differences. Alternatively, the different readouts (in vitro survival/ expansion of antigen specific T cells vs. up-regulation of activation markers) might explain the opposing conclusions drawn from these studies. In addition, the culture methods used to generate in vitro iNKT cells described above could influence their effect on other immune cells. For example, we were able to enhance the in vitro capacity of iNKT cells to augment tumor associated antigen specific CD8 T cell expansion (Bontkes HJ, unpublished results) and NK cell mediated killing of tumor cell lines (Moreno M, unpublished results) only when we transfected dendritic cells (DC) with IL-12 mRNA before pulsing them with αGalCer. An important physiological role for iNKT cells was shown in the immuno-surveillance of cancers. Mice deficient in iNKT cells (Jα18 -/-mice) were more susceptible to chemically (methylcholanthrene (MCA)) induced sarcomas, while protection could be restored by adoptive transfer of iNKT cells isolated from Wild-type animals. Protection depended on CD1d, IFN-γ production by iNKT cells, and NK and CD8 T-cell function [23] . The capacity of in vivo activated iNKT cells to enhance protection against experimental tumors has been studied extensively. Depending on the model, resident iNKT cells can augment innate as well as adaptive anti-tumor immune responses. Several groups demonstrated that systemic injection of αGalCer or αGalCer loaded DC activates iNKT cells, leading to the inhibition of metastasis formation predominantly via the down-stream activation of NK cells [24] [25] [26] [27] . Studies combining i.v. free αGalCer treatment with protein vaccination demonstrated that αGalCer acts as an adjuvant for the induction of antigen specific CD4 + and CD8 + T cell mediated immunity [28;29] . Furthermore, a single i.v. injection of dying hematologic tumor cells together with αGalCer induced long lasting protective immunity, depending on conventional CD4
+ and CD8 + T cells. In this model resident αGalCer activated iNKT cells enhanced the maturation of DC that subsequently were more efficient in cross priming CD4 + and CD8 + T cells [30] . These intriguing findings from pre-clinical studies prompted several groups to study iNKT cell numbers and function in cancer patients and to perform clinical phase I studies in these patients on the in vivo activation of iNKT cells through administration of αGalCer, αGalCer pulsed DC or iNKT enriched autologous PBMC. This review will focus on the consequences of these findings for future iNKT cell mediated immunotherapy. In the first part we will provide evidence for the relevance of iNKT cells in human cancer. In the second part we will discuss the promising results that have been obtained from several clinical phase I studies on iNKT cell activation and, in particular, we will illustrate the therapeutic potential of autologous adoptive transfer of purified iNKT cell lines in patients that are severely deficient in iNKT cells.
Part I: Relevance of invariant Natural Killer T lymphocytes in human cancer
Selective decrease of iNKT cell numbers in peripheral blood of carcinoma patients As depicted in Table I , Kawano and colleagues were the first to report a numeric defect in circulating iNKT cells in cancer, namely in melanoma patients [31] . These findings were confirmed in patients with prostate cancer [32] and lung cancer [33;34] , but not in malignant myeloma [35] , glioma [36] or neuroblastoma [37] . However, the latter were all small cohorts and the effects of age and gender, reported by Delarosa et al [38] and Sandberg et al [39] , were not always taken into account. We therefore studied circulating iNKT cell levels in a cohort of 120 patients with various epithelial cancers (breast, colorectal, head and neck and renal cell cancer and melanoma) and 69 healthy controls using multivariate analysis and confirmed that: a) in both patients and controls, iNKT cell levels selectively decreased with age, most prominently in males and b) after correction for age and gender, cancer patients had a selective numeric iNKT cell deficiency within the circulating T cell pool [40] . iNKT cell numbers were not influenced by tumor type or disease stage, which was also reported by Motohashi et al [33] and Konishi et al [34] . Tumor de-bulking by surgery or radiotherapy did not restore circulating iNKT cell numbers, suggesting that the numeric defect was not the consequence of tumor growth. Also Crough et al investigated circulating iNKT cell numbers in a variety of carcinomas and found a significant reduction in melanoma and breast cancer, but in contrast to our findings not in colorectal cancer or renal cell carcinoma [41] . Yanagisawa et al did not find a significant reduction in colorectal carcinoma patients either (nor in esophageal, gastric, gall bladder, uterus, bile duct and pancreas cancer) [42] . However patient groups were subdivided in these two latter studies, resulting in a loss in statistical power. Crough et al also observed an age dependent reduction in iNKT cells in accordance with our observation and, interestingly, they observed that while chemotherapy did not affect iNKT cell numbers, radiotherapy would reduce these in melanoma patients [41] . We observed a similar transient effect of radiotherapy on iNKT circulating cell levels in head and neck cancer. In paired peripheral blood samples of 27 patients a significant drop in iNKT cell numbers 4 weeks after radiotherapy was observed (p<0.01), while 4 months after radiotherapy no significant reduction in iNKT cell numbers was observed. Of note, this effect of radiotherapy was far more dramatic on conventional T cell levels (Molling JW, unpublished results). Taken together these findings indicate that circulating iNKT cell levels are at most only mildly affected by the outgrowing tumor or by chemotherapy or radiotherapy. In our cohort of carcinoma patients, there were no differences in the percentages of CD4 + and CD4
-cells within the iNKT cell pool of breast cancer patients (n=9) compared to age and gender matched controls. This similarity in CD4 + / CD4 -ratio between cancer patients and healthy controls was also observed in glioma patients (n=9) [36] . These findings suggest that there is no imbalance in iNKT cell regulatory status in cancer patients. Again, though, it should be kept in mind that this iNKT sub-analysis was performed in relatively small groups of patients. Some controversy exists with regard to the capacity of the residual iNKT cells of cancer patients to secrete IFN-γ or to proliferate in response to αGalCer in vitro. It is noteworthy, in this respect, that the decline in ex vivo IFN-γ secretion [40] and expansion [43] of iNKT cells in response to αGalCer was reported to be age related. Age differences between patients and control subjects in the studies reviewed here, should therefore be considered. Unfortunately, this information is not always provided. Nonetheless, in all reported studies iNKT cells from cancer patients retained their capacity to produce IFN-γ ex vivo upon αGalCer stimulation; albeit that in some studies repeated or highly active stimulation by professional antigen presenting cells was required. Substantial in vitro proliferation of iNKT cells from cancer patients was achieved in studies using αGalCer pulsed monocytes or immature monocyte derived DC (moDC) as APC [31;36] . In contrast, iNKT cell expansion using αGalCer pulsed autologous PBMC did not lead to adequate expansion or IFN-γ secretion by iNKT cells from patients suffering from prostate cancer [32] , lung cancer [34] and in a variety of carcinomas [42] . This might be explained by the use of autologous PBMC as APC which might induce in vitro iNKT cell anergy, since the function of APC is often impaired in cancer patients and a reduction in functional APC has been demonstrated to result in changes in the different T-cell subsets [44] . In line with this, Tahir et al demonstrated that IFN-γ secretion by iNKT cells from prostate cancer patients was restored when recombinant IL-12 was added to iNKT cell / APC co-cultures [32] . An alternative explanation was suggested in the study by Yanagisawa et al, who provided evidence that other suppressive T cells might hamper iNKT cell expansion in colorectal cancer [42] . Indeed, naturally occurring regulatory T cell (nTreg; supposedly the key regulatory cells for maintenance of tolerance against self antigens) have been demonstrated to be capable of directly inhibiting iNKT cell proliferation, cytokine secretion and cytotoxic activity via cognate interactions [45] . Furthermore, it has been well established that circulating nTreg numbers are enhanced in a broad variety of cancers [46] [47] [48] [49] and that they can suppress anti-tumor responses (reviewed in [50] [51] . Expanded iNKT cells of cancer patients can display in vitro cytotoxicity against various tumor targets [31;35;36;42] . After culture with αGalCer pulsed monocytes or moDC and exogenous IL-2, iNKT cells from melanoma patients were able to kill tumor cell lines [31] as well as autologous tumor cells [35] in vitro. The observed cytotoxic effects were most likely perforin dependent since they were abolished by concanamycin A treatment. This is in line with our observations that in vitro cultured iNKT cells contain cytotoxic granules consisting of cytotoxic effector molecules such as perforin, granzyme B, and T cell intracellular antigen-1 [52] [53] [54] . However, these ex vivo cultured iNKT ells do not kill very efficiently and often require loading of CD1d + tumor cells with αGalCer [22; 55;56] . Furthermore, the ability to directly kill tumor cells has not been established to be a physiological function of circulating iNKT cells. Hence, in our opinion, the reduced numbers of circulating iNKT cells reflects a reduced capacity to activate downstream innate and adaptive immune effector cells. In summary, although some discrepancies have been noted regarding iNKT cell number and function in different cancers, evidence is accumulating that circulating iNKT cells of carcinoma patients are substantially reduced compared to healthy controls. Notwithstanding, residual iNKT cells in these patients still possess the capacity to proliferate, to secrete IFN-γ and to gain cytotoxic activity when properly stimulated in vitro. This suggests that the residual iNKT cells of carcinoma patients might still be capable of taking part in patho-physiological anti-tumor responses or after therapies aimed at their increase and activation in cancer patients. These two aspects will be discussed further in the remaining sections of this manuscript.
Peripheral blood iNKT cells in relation to clinical outcome of cancer
The reduction in circulating iNKT cells of cancer patients is indicative of their alleged importance for efficient anti-tumor immune responses to occur. However, it has not been demonstrated in the studies reviewed above, whether a reduction of circulating iNKT cells in cancer patients precedes the development of cancer and can be regarded as a risk factor. This also remains to be elucidated for the elevated levels in cancer patients of circulating nTregs, which may inhibit iNKT cell proliferation and activation. We therefore studied prospectively the relation between peripheral blood iNKT cell and nTreg frequencies and the natural course of human papillomavirus type 16 (HPV16) induced pre-invasive cervical intraepithelial neoplasia (CIN), in 82 patients who participated in a nonintervention cohort study of women with abnormal cervix cytology (Molling JW et al, Int. J. Cancer in press). Persistent infection with oncogenic high-risk HPV types, of which HPV 16 is the most prevalent type, is a major risk factor for the development of severe cervical dysplasia/carcinoma in situ (CIN3) and invasive cervical carcinoma (Walboomers). Untreated severe dysplasia/carcinoma in situ (CIN3) may lead to invasive carcinoma. Circulating nTreg numbers were increased in individuals with a persistent HPV16 infection and in patients who developed a CIN 3 lesion compared to those who were initially infected but cleared the virus and patients who did not progress to CIN3. However, within the HPV 16 persistence group Treg frequencies were equally high among patients who developed a CIN3 lesion and patients who did not progress to CIN3. The number of circulating iNKT cells was not related to either a persistent infection with the virus nor with progression of cervical dysplasia towards carcinoma in situ. However, this does not rule out that iNKT cells could be involved in immune responses directed at later stage malignancies. In a cohort of 120 carcinoma patients (various epithelial tumors) and 69 healthy controls, we observed a wide range in the size of the circulating iNKT cell pool. While the patient group as a whole was significantly deficient in iNKT cell numbers, some individuals had iNKT cell levels resembling those observed in age-matched healthy controls whereas others had very low to undetectable numbers of iNKT cells in their circulation [40] . In a prospective study, we therefore tested the hypothesis that a severe iNKT cell deficiency was related to a poor clinical outcome after radiation therapy of head and neck squamous cell carcinoma (HNSCC). Peripheral blood samples of 47 patients were stratified according to the levels of T, NK or iNKT cells at the start of therapy and clinical data were obtained during a median follow-up period of 31 months [57] . Indeed, by Cox regression analysis we confirmed that a severe quantitative iNKT cell deficiency prior to radiation therapy was a prognostic parameter, predicting shortened (disease specific) survival and the increased risk of locoregional tumor recurrence, independently of clinical T stage and age. In the group of patients with a severe iNKT cell deficiency there was a 53 % relative loss in 3 year disease specific survival, compared to patients with above average iNKT cell levels (39 vs. 92 % 3 year survival rate). Although the pre-therapy iNKT cell levels as well as T or NK cell levels were reduced in this cohort as compared to historical age and gender matched controls, no evidence was obtained for a relation between the number of peripheral blood T or NK cells and clinical outcome, indicating that the observations specifically related to circulating iNKT cells. This was in line with previous reports on HNSCC in which circulating T or NK cell levels were reduced but without prognostic value [58-60]. Reduced functionality, rather than reduced numbers of circulating or tumor infiltrating T and NK cells was related to a poor prognosis in HNSCC in several studies [61] [62] [63] [64] [65] . In these retrospective studies low or absent ζ chain expression, reduced proliferation, low cytotoxicity, an altered cytokine profile and increased apoptosis of CD8+ effector cells were observed. Interestingly, Reichert et al demonstrated a strong correlation between a loss of function in peripheral T cells and a loss of function in TILs in HNSCC patients. The authors suggested that these individuals would be at risk of a poor prognosis as a result of immune compromise [64]. As mentioned above, a similar observation was made in myeloma, where a marked defect in IFN-γ secretion by iNKT cells in the circulation as well as in the tumor bed of progressive, but not of non-progressive myeloma was found [35] . These combined findings raise the possibility that the level of peripheral blood iNKT cells in HNSCC patients, of which we have evidence that they can still secrete IFN-γ [40] , correlates to their relative contribution to local anti-tumor responses. It would thus be relevant to study the correlation between peripheral and intra-tumor iNKT cell number and function in future cohorts. Furthermore, relating the findings from such cohorts to T and NK cell function with regard to clinical outcome is warranted to provide more insight in how circulating iNKT cells would relate to anti-tumor responses within the tumor microenvironment.
Tumor infiltrating iNKT cells in relation to clinical outcome of cancer
To make a significant contribution to local anti-tumor responses, iNKT cells would most likely have to be located in the tumor draining lymph nodes and/ or in the tumor microenvironment. Both in humans and in germ free mice iNKT cells were found to acquire an effector (memory) phenotype before birth, allowing for their distribution throughout the peripheral tissues rather than the lymph nodes [66;67]. As such, they resemble tissue-infiltrating Th1 cells and CD8 + cytotoxic T lymphocytes (CTL) and indeed have a corresponding chemokine receptor expression pattern [17;68;69]. In vitro, iNKT cell clones migrate towards CXCR3, CXCR4 and CCR4 ligands and to a lesser extend to ligands for CCR5 and CXCR6 [68] . The in vivo recruitment of iNKT cells to inflamed tissues was demonstrated in mouse models, wherein the initial influx of iNKT cells was required for the formation of granulomatous lesions caused by Mycobacterium tuberculosis [70] or Cryptococcus neoformans [71] . The latter study provided evidence that the iNKT cells were attracted by the CCR2 ligand monocyte chemoattractant protein (MCP)-1 (i.e. CCL2). In line with this, Metelitsa et al showed that those human neuroblastomas that expressed CCL2 were well infiltrated with iNKT cells. Patients with iNKT cell infiltrated tumors had a significantly prolonged long term survival, compared to patients with tumors that were not infiltrated with iNKT cells but did contain conventional T cells [37] . Interestingly, they recently reported that amplified MYCN oncogene, which is a hallmark of aggressive neuroblastoma [72] , repressed CCL2 expression leading to impaired iNKT cell infiltration. This was strikingly evident in patients with bone marrow metastases of neuroblastoma, suggesting an important contribution of iNKT cells to the immune attack against these metastases [73] . In addition, Tachibana et al demonstrated that colorectal carcinomas were well infiltrated with activated CD69
+ TCR-Vα24 + T cells compared to the patients' control tissue and established by Cox regression analysis that high TCR-Vα24 + T cell infiltration was predictive of prolonged (disease free) survival, independently of other prognostic variables like clinical T stage [74] . Although the authors did provide indirect evidence that the TCR-Vα24 + T cells were indeed iNKT cells, it is not clear whether these cells infiltrated the tumor more readily than other T cells. This is relevant since a high number of tumor infiltrating T cells is anyhow related to favorable prognosis in colorectal cancer (reviewed in [75] ). A preferential influx into colorectal tumors has been demonstrated for CCR5 + CXCR3 + T cells [76] . IFN-γ release by T cells arriving early at the invasive margin was proposed in this study to trigger local IP-10 secretion (a known CXCR3 ligand). This would facilitate the influx of Th1 cells and CTLs involved in the subsequent anti-tumor response. Thus the high expression of CCR5 and CXCR3 on iNKT cells [68] , their capacity to readily release IFN-γ in carcinoma patients [33;40] and the influx of iNKT cells into colorectal carcinomas [74] strongly suggest a significant contribution of iNKT cells to the local response against colorectal cancer. In addition, the finding by Dhodapkar et al that iNKT cells in the tumor bed of progressive myeloma were defective in IFN-γ secretion, whereas those in non progressive myeloma were competent [35] is suggestive of a causal relation between loss of iNKT cell functionality and disease progression and is in support of the hypothesis above.
Proposed mechanisms behind the role of iNKT cells in anti-tumor responses
A few mechanisms via which iNKT cells might hamper the growth of malignancies will be discussed below. First, in a model of the etiology of chronic inflammatory bowel disease, it has been proposed that heat shock protein (Hsp)110 is involved in the regulation of CD1d expression in human intestinal epithelia [77;78] . In this model the constitutive expression of CD1d on intestinal epithelial cells is maintained by a steady state release of Hsp110 during cell renewal. Upon epithelial tissue damage Hsp110 release is enhanced, resulting in the constitutive up-regulation of CD1d expression and subsequent activation of resident iNKT cells to secrete Th1 cytokines, leading to chronic inflammation. In addition, the enlarged deposits of Hsp70 in immunohistochemical stainings of atherosclerotic lesions were found to co-localize with expression of CD1d and CD1a, but not other MHC (like) molecules, on DC within these lesions [79] . Surface CD1d was also increased on keratinocytes in psoriatic lesions [80] and these lesions have been shown to express Hsp70 [81] . Furthermore, Hsp expression has been reported for human tumor cells in vitro and in vivo [82;83] . Viable tumor cells co-injected with Hsp expressing apoptotic tumor cells were more efficiently rejected by recipient mice than viable tumor cells alone [84] . It is therefore tempting to speculate that locally produced heat shock proteins at sites of (metastasized) malignant lesions, either by tumor cells or damaged epithelial cells, can trigger the activation of resident iNKT cells by enhancing CD1d mediated antigen presentation within the tumor micro-environment ( Figure  1 ). In the light of HPV16 induced cervical carcinoma, an interesting discrimination has been made between pre-malignant CIN and invasive cervical cancer regarding Hsp expression. In a cohort of 30 patients with CIN lesions (6 moderate, 11 severe and 13 carcinoma in situ) and 20 patients with invasive cervical cancer, Hsp70 expression was significantly elevated in the latter group and was associated with tumor cell proliferation (i.e. Ki-67 staining) [85] . Although CD1d expression has not been studied in cervical cancers in relation to Hsp expression, these data suggest that iNKT cells might indeed come into play in anti-tumor immune responses at a relatively late stage of tumor development. Second, several studies have demonstrated the capacity of iNKT cells to stimulate DC activation and maturation [28-30;86;87] . In the setting proposed above, iNKT cells could enhance DC maturation within the invasive margin resulting in improved migration of DC towards the tumor draining lymph nodes and thus in more effective priming of additional naive CD4 + and CD8 + T cells with tumor derived antigens [88] [89] [90] [91] (Figure 2A ). Third, tumor cells in blood or lymphatic circulation are particularly sensitive to NK mediated lysis which is considered to be most effective in the presence of anti-tumor immunoglobulins via antibody-dependent cellular cytotoxicity (ADCC) (reviewed in [2] ). For efficient locoregional tumor control to occur (which was associated with circulating iNKT cells levels in HNSCC [57]) the local vasculature would obviously be a critical location for the immune system to attack metastatic cells released by the primary tumor. Although ex vivo cultured iNKT cells were reported to kill tumor targets in vitro, they did not kill very efficiently and often required loading of CD1d + tumor cells with αGalCer [22; 55;56] . Furthermore, the ability to kill tumor cells has not been established as a physiological function of circulating iNKT cells. In mice, iNKT cells had to be cultured in vitro to acquire direct cytotoxic capacity whereas in vivo they mainly instructed NK cells to eradicate i.v. injected tumor cells [51] . In our opinion it is therefore unlikely that peripheral iNKT cells of cancer patients are capable of directly eradicating metastasizing tumor cells. However, equivalent to their murine counterpart [92] , human iNKT cells can activate NK cells as well as B cells [55;93] and might thus be able to promote a tumoricidal environment within the vicinity of the tumor ( Figure 2B ). Fourth, angiogenesis and lymphangiogenesis are of vital importance for a malignant lesion to develop into a substantial tumor mass [94] . Interestingly, iNKT activation via systemic injection of αGalCer significantly inhibited angiogenesis of intradermal tumors in mice, which depended on IFN-γ release by both iNKT cells and subsequently activated NK cells [95] . Even more interestingly, Dhodapkar et al showed that the neo-vasculature of glioma tumors expressed CD1d, identifying them as targets for this anti-angiogenic response [36] . It would therefore be interesting to determine neo-vasculature CD1d expression in more human tumors, to correlate this expression to activation status of infiltrated iNKT cells and other TILs and to the possible anti-angiogenic effect of iNKT cell activation ( Figure 2B ). Finally, it has been proposed that once human colorectal cancers become clinically detectable, and thus have escaped early immune surveillance, the adaptive arm plays a predominant role in preventing disease progression. Pages et al reported that colorectal carcinoma tumors lacking the capacity for early invasion into the surrounding tissues (i.e. to form new vessels and to achieve lymphatic or perineural invasion) contained large numbers of Th1 oriented memory/ activated T cells in both the tumor center and in the tissue invasive margin [96] . In a follow-up study it was confirmed that patients with these tumors had a prolonged (disease specific) survival compared to patients with tumors that were not as well infiltrated with these T cells [97] . In accordance with the observations described above that iNKT cells can infiltrate tumors, iNKT cells activated at the invasive margin of colorectal tumors could thus facilitate additional activation and proliferation of arriving T cells ( Figure  2B ). In addition iNKT could also locally inhibit angiogenesis in this setting.
Therapies aimed at the activation of iNKT cells in cancer patients
Recognizing the promise of iNKT cell activation in immunotherapy of cancer, attempts have been made to target them in vivo in clinical phase I studies, based on the use of αGalCer as a stimulatory ligand (summarized in Table 2 ). We established in 24 advanced cancer patients with solid tumors that 3 weekly intravenous injections of soluble αGalCer did not reach dose limiting toxicity over a wide dose range (50 -4800 μg/ kg) [98] . Although no clinical responses were recorded, a transient increase in serum levels of immunostimulatory cytokines (IL-12, IFN-γ, TNF-α and GM-CSF) was observed after the first αGalCer injection in patients with relatively high iNKT cell levels. This was preceded by a rapid loss of detectable iNKT cells from the circulation within 24 h after αGalCer administration and iNKT cell levels remained low for up to 21 days after the first administration. In line with the decline in iNKT cell levels, no increase in serum cytokines was observed after a second and third injection with αGalCer (7 and 14 days after the first injection respectively). This might be explained by the relatively high dose of the glycolipid injected and the short interval between repeated injections. In a clinical phase I/II trial in chronic Hepatitis C patients we observed a re-appearance of circulating iNKT cells within 2 weeks after i.v. αGalCer given at a lower dose (0.1 -10 μg/ kg). Furthermore, we observed a cytokine response even to a second and third αGalCer injection given at 4 and 8 weeks after the first injection respectively [99] . The lack of detectable iNKT cells quickly after i.v. injection of the glycolipid might reflect their antigen-specific activation by αGalCer, leading to TCR internalization, especially in the case of high dose αGalCer. This has been demonstrated previously in mice [100;101] and additional studies revealed that in vivo treatment with high dose soluble αGalCer can lead to long-term iNKT cell anergy, even after a single injection of the glycolipid [102;103] . The relatively low in vivo responsiveness of circulating iNKT cells upon i.v. injection of free αGalCer parallels the reduced in vitro responsiveness of iNKT cells when stimulated with autologous αGalCer loaded PBMC [32;34;42] . Both phenomena may be explained by the impaired function of APC in cancer patients. Analogous to the in vitro data which showed restored iNKT proliferation upon stimulation with αGalCer loaded, in vitro generated, fully functional mature DC [22] , the injection of αGalCer pulsed DC gave rise to more potent in vivo expansion of endogenous iNKT cells. Three independent groups have now shown that this approach was well tolerated in humans. In two consecutive studies, the group of Nicol treated 4 [104] and 12 [105] patients respectively with metastatic carcinomas with autologous αGalCer pulsed immature moDC and found that this was well tolerated and resulted in a mild increase in circulating iNKT cell numbers. In the latter study, transient but potent proinflammatory effects were observed in peripheral blood samples after DC treatment, consisting of elevated levels of IL-12 and IFN-γ, reduced levels of IL-4, activation of T and NK cells and an increase in NK cell number and cytotoxicity. Again these phenomena were preceded by an abrupt loss of detectable iNKT cells from the circulation. Peripheral blood iNKT cell numbers normalized within 7 days after DC injection, however no expansion of iNKT cells was observed. The immunological effects were reproduced upon a second injection of immature moDC pulsed with αGalCer. Mature DC (i.e. immature DC that have been triggered by TLR ligands and inflammatory cytokines) are far more efficient in activating T cells and inducing their proliferation than immature DC [106] and in vivo activation of iNKT cells with properly matured DC is expected to be favorable. Indeed, Chang et al were able to induce dramatic expansion of circulating iNKT cells in 5 out of 5 advanced cancer patients who received i.v. injections with high purity, properly matured, αGalCer pulsed autologous moDC (> 100 fold expansion at peak level in all cases) [107] . Strikingly, despite having undetectable peripheral blood iNKT cell counts at the time of study enrollment, the iNKT cell level remained above baseline after DC treatment for more than 85 days in all patients and for up to 6 months in two patients with longer follow up. In addition, the authors indirectly observed that iNKT cell activation was pursued by myeloid DC activation (elevated serum levels of myeloid DC associated soluble factors IL-12p40, MIP-1β and IP-10) and in line with this they detected an expansion of CD8 + memory T cells specific for viral antigens (CMV). These findings strongly implicated an adjuvant effect on existing adaptive immunity. Ishikawa et al reported activation and transient expansion of resident iNKT cells in 3 out of 12 advanced lung cancer patients by injecting αGalCer pulsed DC [108] . However, their DC preparations were not of high purity but were in fact autologous PBMCs cultured for 7 to 14 days in the presence of GM-CSF, IL-2 and αGalCer. These preparations contained high levels of T cells and, given the protocol, most likely also substantial numbers of iNKT cells. A more controlled way of increasing the number of systemic iNKT cells in cancer patients is by the direct injection of ex vivo expanded autologous iNKT cells. Motohashi et al, who prepared autologous PBMC cultures for adoptive transfer derived from 6 non-small cell lung cancer patients by a method similar to the one Ishikawa et al used for the generation of APC, resulting in cell populations that were enriched for iNKT cells [109] . This approach was again well tolerated and resulted in a transient increase in circulating iNKT cells and direct ex vivo IFN-γ production in response to αGalCer in an ELISPOT assay. It can be concluded from these clinical phase I studies that injection of preparations containing αGalCer pulsed DC and/ or iNKT cells is feasible, since it can be performed safely in advanced cancer patients and results in distinct activation of iNKT and downstream effector cells.
Part II: Towards autologous adoptive transfer of highly purified and well defined pro-inflammatory iNKT cells Ex vivo expansion of iNKT cells from healthy controls and carcinoma patients
Although the phase I clinical trials performed thus far led to promising results there is ample room for improvement. When DC are used as "in vivo iNKT cell activators", a high iNKT cell expansion can be achieved, but the ability to control the functional aspects of the expanded iNKT cells in vivo (e.g. cytokine profile, capacity to home towards tumor sites or tumoricidal potential) is limited. For instance, in the clinical phase I study presented by Chang et al, iNKT cells that were isolated after the administration of αGalCer pulsed mature moDC appeared to be dysfunctional. Although these cells proliferated in vitro in response to αGalCer pulsed moDC, IFN-γ secretion in an αGalCer ELISPOT assay was inadequate [107] . In addition, the use of highly purified and well defined iNKT cells for adoptive transfer enables to ascribe any immunological or clinical effects observed to the injected iNKT cells. We have developed a method to expand peripheral blood iNKT cells of healthy controls as well as advanced cancer patients in vitro, and to polarize them towards a type 1 cytokine profile by stimulation of isolated TCR-Vα24 + T cells with mature αGalCer pulsed moDC in the presence of IL-15 [22] . Using this method an up to 76 fold expansion was observed after one week of culture. These type 1 polarized iNKT cultures secreted large amounts of the pro-inflammatory cytokines IFN-γ, TNF-α and GM-CSF. Although some patient derived iNKT cell cultures showed an initial delay in proliferation, as reported previously [32;34;42] , this could be overcome by repeated stimulation with αGalCer pulsed moDC, resulting in functionally competent iNKT cells. This suggests that even in patients with a putative state of iNKT cell anergy in vitro expansion of autologous iNKT cells using mature DC may allow for subsequent adoptive transfer of these cells. Another advantage of autologous adoptive transfer of ex vivo expanded iNKT cells would be that their in vitro expansion and activation does not depend on autologous, often deficient DC. Autologous DC are not required, since CD1d is monomorphic. This allows for the use of DC cell lines as more standardized in vitro APC leading to more standardized iNKT cells for adoptive transfer. This would also facilitate the repeated stimulation of cultured iNKT cells in vitro, without requiring additional blood sampling of the patient to generate sufficient amounts of DC. We have previously demonstrated that human iNKT cells can be expanded using αGalCer pulsed DC derived from the CD34+ human acute myeloid leukemia derived cell line MUTZ-3 (M3-DC) [110] . In successive experiments we stimulated iNKT cells with M3-DC over-expressing IL-12 (M312-DC). The obtained cells had an increased activation phenotype, were capable of producing high levels of IFN-γ and could enhance tumor associated antigen (TAA) specific CTL priming by moDC in vitro (Bontkes HJ, unpublished results). M312-DC thus provides us with an attractive "off the shelf" DC source for the large scale expansion of functional iNKT cells from cancer patients.
Generation of mouse long-term high purity oligoclonal iNKT cell cultures using a DC line
Although the strategy of treating carcinoma patients with autologous adoptive transfer of ex vivo expanded iNKT cells is very appealing, long-term in vitro culture would be necessary in order to obtain sufficient numbers to repopulate patients with iNKT cells upto healthy control levels. This would especially be the case in those individuals who would probably benefit most from this therapy, namely those with a severe deficiency in circulating iNKT cells and/ or a poor in vitro proliferative response towards αGalCer. However, the effect of long-term in vitro stimulation with DC pulsed with the strong agonist αGalCer on in vivo iNKT cell functionality has not previously been investigated.
We therefore developed a method to generate long-term high purity oligoclonal mouse iNKT cell cultures representative of in vivo iNKT cells. These were used in different experiments to determine whether their in vitro functionality and, more importantly, their capacity to enhance anti-tumor responses in vivo remained unaffected. Cells from the immature DC line D1 [111] were treated shortly with LPS and IFN-γ and pulsed with αGalCer to generate mature DC, capable of facilitating the in vitro expansion of iNKT cells isolated from mouse spleen [112] . This expansion was especially potent when IL-7 was added to the cultures during weekly restimulation with mature D1 DC pulsed with αGalCer. Although other studies demonstrated that it is possible to generate from mice either short lived cell cultures containing bona fide iNKT cells using spleen or bone marrow derived DC and αGalCer [51;113;114] , or long lived clone derived iNKT cell hybridomas [115] [116] [117] , our study was the first to make available large scale, highly pure long-term oligoclonal mouse iNKT cell lines representative of in vivo iNKT cells. Using αGalCer pulsed mature D1 DC and IL-7, we typically obtained 10 8 iNKT cells from one mouse spleen within 10-14 weeks of culture and these cultures could be maintained for over 24 months. The iNKT cell cultures consisted of both CD4 + and CD4 -cells and resembled wild-type iNKT cells since they all could bind to αGalCer loaded mouse CD1d:IgG1 dimers and could readily release substantial amounts of IFN-γ and IL-4 upon stimulation with αGalCer pulsed CD1d transfected HeLa cells (HeLa-CD1d). Furthermore, after 24 hours of stimulation with αGalCer pulsed HeLa-CD1d all iNKT cell lines tested had secreted IFN-γ, GM-CSF, IL-4, IL-5, IL-6, IL-10 and IL-13 reflecting the dichotomous regulatory capacity of in vivo iNKT cells [5;15;16] . From these findings we concluded that even after long-term chronic antigenic stimulation in vitro mouse iNKT cells retain their most appreciated functional aspect, namely they can recognize αGalCer/ CD1d complexes and respond accordingly by releasing substantial amounts of Th1 and Th2 cytokines.
Retained capacity of long term mouse iNKT cell cultures to enhance in vivo immune response against experimental tumor metastases
As mentioned earlier in this review, mouse iNKT cells can enhance anti-tumor responses depending on the innate [23-27] as well as the adaptive [30] arm of the immune system. We investigated the capacity of iNKT cells obtained by in vitro culture with αGalCer pulsed D1 DC to enhance protection against B16.F10 lung metastases, upon their adoptive transfer into Wild-type mice shortly after tumor injection (Molling JW et al, manuscript submitted). Intravenous injection of 4 out of 4 lines investigated evoked a systemic cytokine storm (elevated IFN-γ and IL-4 in splenocytes irrespective of in vitro re-stimulation) that lasted for up to 11 days. Furthermore iNKT cell transfer resulted in a preferential influx of NK cells into the lungs of these mice and, most importantly, an augmented NK cell mediated protection against B16.F10 experimental lung metastases. Crowe et al investigated the effect of transfer of freshly isolated iNKT cells on B16.F10 lung metastases in iNKT cell deficient mice. In their study, the activation of NK cells and thus the inhibition of metastasis formation required additional treatment of mice with αGalCer. We demonstrated that additional αGalCer injection was not required when iNKT cells had been activated in vitro with αGalCer pulsed D1 DC [118] . This is in line with the findings by Shin et al, who observed inhibition of experimental B16.F10 liver metastases upon adoptive transfer of in vitro IL-12 pre-activated iNKT cells into iNKT deficient mice without additional αGalCer treatment [119] . Interestingly, Shin et al also demonstrated that iNKT cell transfer mediated protection was superior to injection of high dose IFN-γ or a combination of high dose IFN-γ, IL-2 and IL-4. This protection is possibly due to a selective recruitment of iNKT cells to the tumor site followed by their local release of chemokines and cytokines, allowing for the recruitment and trans-activation of downstream effector cells. Although direct evidence for this is still lacking, we did observe that long-term iNKT cell lines can express the "tumor homing receptors" CXCR3 and CCR5 (Molling JW, unpublished results) and that they secrete a broad variety of cytokines in vitro (as described above [112] ). These observations, in combination with the finding that NK cells were selectively recruited to the lungs after i.v. iNKT injection, are in favor of the sequential influx of iNKT cells and NK cells into the lungs of B16.F10 tumor challenged mice. In summary, we demonstrated that adoptive transfer of long-term high purity oligoclonal mouse iNKT cells, that were proven to maintain their in vitro functionality, lead to enhanced immune protection against an experimental tumor that was capable of evading immunity in Wild-type mice. In the B16.F10 lung metastasis model we used, this was achieved via the trans-activation of NK cells. This function of the iNKT cells was retained even after more than 24 months of weekly stimulation using D1 DC pulsed with αGalCer. The potential of autologous adoptive transfer of ex vivo expanded iNKT cells as an immunotherapeutic strategy for the treatment of cancer patients is illustrated by these pre-clinical studies.
Concluding remarks
Based on the epidemiologic and preclinical data reviewed here, re-constitution of the circulating iNKT cell pool as an immunotherapeutic adjuvant therapy of cancer appears to be feasible. In addition, screening for those patients who are severely deficient in circulating iNKT cells would identify them as the individuals who could benefit the most from this approach. In our view, the autologous adoptive transfer of ex vivo expanded iNKT cells provides a promising strategy. An advantage above adoptive transfer of e.g. TAA pulsed DC vaccines [120] , or transfer of TAA specific T cells generated in vitro via expansion using TAA pulsed DC or via TCR gene transfer [121;122] is their universal immunostimulating potential. Therefore no pre-selection for patients carrying a certain HLA type or expressing a particular tumor antigen is necessary. The risk of selection of TAA and/ or HLA negative tumor cells is expected to be low, compared to TAA peptide based immunotherapy. Furthermore, safety issues always need to be addressed with the application of TCR gene transfer because of the use of retroviral vectors [122] . iNKT cells can be expanded in vitro using the "off the shelve" Mutz-3 cell line derived DC pulsed with αGalCer. Using this ex vivo approach, high purity iNKT cells can be obtained and their potential to enhance anti tumor responses can be strengthened by defining the desired culture conditions (e.g. the use of IL-12 over expressing Mutz-3 DC). More importantly, their capacity to secrete high amounts of (type 1) cytokines (e.g. IFN-γ and GM-CSF, to enhance the functionality of other immune cells (e.g. DC, antigen specific CTL or NK cells), or their expression of "tumor homing receptors" (e.g. CXCR3 and CCR5 for carcinomas or CCR2 for neuroblastomas) can be checked prior to adoptive transfer. There are many questions remaining that could lead to a more efficient therapeutic outcome when answered. Some examples are the following: How do peripheral and intra-tumor iNKT cell numbers and function relate? What is the impact of systemic or local (tumor site) enhancement of iNKT cell numbers on (tumor infiltrating) DC, T and NK cell function, also with regard to disease outcome? Does additional treatment with αGalCer enhance these responses and should it then be administered systemically (e.g. loaded on DC) or locally? Can the responses be enhanced when the negative influence on anti-tumor responses of nTreg is abrogated (e.g. by blocking CTLA4 function [123] [124] [125] [126] or by toll-like-receptor 2 triggering [127;128] )? Nonetheless, we already observed that the amount of pre-therapy circulating iNKT cells has a dramatic impact on disease specific survival upon curative radiotherapy of HNSCC patients. Immuno-adjuvant treatment of iNKT cell deficient HNSCC patients, by radiotherapy accompanied by reconstitution of their peripheral blood iNKT cell compartment using autologous adoptive transfer of iNKT cells, could provide a solid base from which questions as those above could be further addressed. 
